The host innate immune defense protein lipocalin 2 binds bacterial enterobactin siderophores to limit bacterial iron acquisition. To counteract this host defense mechanism bacteria have acquired the iroA gene cluster, which encodes enzymatic machinery and transporters that revitalize enterobactin in the form of salmochelin. The iroB enzyme introduces glucosyl residues at the C5 site on 2,3-dihydroxybenzoylserine moieties of enterobactin and thereby prevents lipocalin 2 binding. Additional strategies to evade lipocalin 2 have evolved in other bacteria, such as Mycobacteria tuberculosis and Bacillus anthracis. Targeting these specialized bacterial evasion strategy may provide a mechanism to reinvigorate lipocalin 2 in defense against specific pathogens.
Introduction
Iron is a necessity for most forms of life, but also has chemical and biological properties that require tight regulation. In most living organisms iron is associated with small molecules, proteins or macromolecular complexes. Excess "free iron" can promote hydroxyl radical formation and injury to cells and increase the susceptibility of humans to bacterial infections. Prokaryotes and eukaryotes have evolved a multitude of exquisite biological systems to acquire, transport and store this molecule (Ganz, 2007; Wandersman & Delepelaire, 2004) . The apparent redundancy in iron acquisition systems reflects the selective advantage of robust and highly competitive strategies to acquire iron. Iron metabolism is also targeted as a host defense mechanism to prevent the growth of microbial pathogens (Radtke & O'Riordan, 2006) , and several host proteins involved in iron metabolism are regulated during inflammatory processes, including transferrin, ferritin, NRAMP1, hepcidin, ferroportin, lactoferrin, and lipocalin 2.
Microbes also compete with one another, and have evolved multiple mechanisms to selectively acquire iron, either directly in the ferrous form, complexed to host molecules, or bound to endogenous or exogenous siderophores. Microbial siderophore transport mechanisms are also targets of a new class of antibiotics, termed siderophore-peptides, which tether anti-microbial peptides of the microcin class to the enterobactin family of siderophores (Thomas et al., 2004) . This Trojan horse strategy allows bacteria to eliminate competitors that use any of several different transporters for enterobactin-like siderophores. This review will focus on lipocalin 2, a host strategy to prevent enterobactin-mediated iron utilization, and the bacterial countermeasures employed to evade this host innate immune defense mechanism and preserve enterobactin-based systems of iron acquisition.
Structures of enterobactin, salmochelins and lipochalin 2 (a) Enterobactin
Enterobactin (also known as enterochelin) is a tricyclic 2,3-dihydroxybenzoylserine (DHBS) molecule that binds iron with extraordinarily high affinity, and is made by many Gram-negative enteric bacteria (Raymond, Dertz, & Kim, 2003) . Enterobactin, a linearized form of this molecule and the monomeric and dimeric DHBS precursors can all function as siderophores. Although enterobactin is a highly effective means of iron acquisition and it is widely used by microbes, enterobactin's role in virulence is uncertain.
(b) Salmochelins
Salmochelins were first detected as alternative siderophores that are produced by Salmonella (Hantke, Nicholson, Rabsch, & Winkelmann, 2003) . Molecular characterization demonstrated that salmochelins are glucosylated versions of enterobactin (Bister et al., 2004) . There are several potential advantages of enterobactin glucosylation. First, enterobactin is a hydrophobic molecule and glucosylation increases its solubility in aqueous solutions, thereby increasing its biological availability and utility in certain environments. Second, glucosylation may affect stability in certain settings. Third, glucosylated enterobactin is not taken up by the enterobactin transporter, FepA, and requires a separate transporter, IroN, preventing competition by IroNnegative bacteria (Figure 1 ).
Further insight into the functional significance of enterobactin glucosylation came from studies that identified the iroA gene cluster as the locus that controls salmochelin biogenesis and utilization (Hantke et al., 2003) . Interestingly, the iroA locus is present in a wide variety of pathogenic Gram-negative bacteria, suggesting that this locus contributes to virulence during infection. Indeed, animal studies confirmed that this locus contributes to virulence in mouse models of urinary tract and avian infections caused by E. coli (Russo et al., 2002) , whereas evidence supporting the independent contribution of enterobactin receptors in bacterial virulence is lacking .
(c) Lipocalin 2
Lipocalin 2 is a protein with many different names (siderocalin, neutrophil gelatinase associated lipocalin or NGAL, uterocalin, neu-related lipocalin and oncoprotein 24p3) and a variety of putative functions (Devireddy, Teodoro, Richard, & Green, 2001; Goetz et al., 2002; Nielsen et al., 1996; Yang et al., 2002) . Clarity to the biological role of lipocalin 2 came from structural studies of Roland Strong's group, who definitively demonstrated that lipocalin 2 binds enterobactin type bacterial siderophores . Additional studies demonstrated that lipocalin 2 has a broad specificity for siderophore binding, including carboxymycobactin and bacillibactin Holmes, Paulsene, Jide, Ratledge, & Strong, 2005) . In addition, a putative lipocalin 2-binding mammalian siderophore has also been detected but not yet identified (Devireddy, Gazin, Zhu, & Green, 2005; Mori et al., 2005) . Thus it is now apparent that lipocalin 2 binds several structurally diverse siderophores, and utilizes unique molecular contacts to affect ligand binding.
Structural modeling of salmochelin binding to lipocalin 2 provided an alternative explanation for the virulence trait of salmochelins relative to enterobactin. The introduction of a glucose residue at any 5 position of the DHBS molecules in enterobactin was predicted to sterically clash with residues in the siderophore binding pocket of lipocalin 2 (Fischbach et al., 2006) . This analysis lead to the hypothesis that iroA gene cluster permits evasion of an important host defense mechanism -lipocalin 2-mediated sequestration of enterobactin. Biochemical studies, in vitro studies and in vivo infection models confirmed that salmochelins do not bind lipocalin 2, and that evasion of lipocalin 2 completely explained the increased virulence of iroA gene cluster-harboring E. coli during intraperitoneal infection (Fischbach et al., 2006) . This strategy of siderophore modification to evade lipocalin 2 binding is not unique to enterobactin. In fact the other known lipocalin 2 binding siderophores also have modified versions that are synthesized by human pathogens. Pathogenic Mycobacteria synthesize carboxymycobactins molecules that have long fatty acid moieties, which are predicted to interfere with lipocalin 2 binding (Holmes et al., 2005) . Bacillus anthracis makes petrobactin, which also does not bind lipocalin 2 . The requirement for pathogens to evade lipocalin 2 corroborates the effectiveness of lipocalin 2 in thwarting iron acquisition through binding to enterobactin, short-chain carboxymycobactins, and bacillibactin. It should also be noted that bacteria have evolved mechanisms to utilize host iron binding molecules, and have transporters for transferrin, lactoferrin, ferritin, hemes and heme-containing proteins. It is presently not known whether lipocalin 2 can also be utilized by bacteria for iron acquisition.
Functions of lipocalin 2
Given the complexity of iron acquisition mechanisms and the ability of many pathogens to evade lipocalin 2, what is its present day biological role? Is it just a remnant of the past or does lipocalin 2 prevent bacterial infections? As mentioned above the main testament to the biological significance of lipocalin 2 is the apparent necessity for pathogens to possess some means to evade it. Because lipocalin 2 exerts strong selective pressure on pathogenic bacteria, lipocalin 2 resistance is required for establishing a parasitic relationship with the host. Thus lipocalin 2 represents a barrier that keeps at bay other bacteria, some of which are our own commensals or flora. One would predict that some commensal bacteria may attain pathogenic qualities in the absence of lipocalin 2, and that its innate immune function is the selective force that has preserved lipocalin 2 in our genome (as well as the genomes of chimps, monkeys, cows, mice, rats, opossums and dogs).
Lipocalin 2 has also been attributed specific functions in several other biological processes, including neoplasia (Devireddy et al., 2001; Lin et al., 2005) , kidney development and repair (Mori et al., 2005; Yang et al., 2002) , implantation (Suire, Stewart, Beauchamp, & Kennedy, 2001) , and involution of the uterus and mammary gland (Ryon, Bendickson, & NilsenHamilton, 2002) , which may also be relevant to lipocalin 2 biology. A role for lipocalin 2 in the induction of apoptosis was postulated based on in vitro studies (Devireddy et al., 2001 ). However, these results could not be replicated with lipocalin 2-deficient mice that were independently derived by two separate groups, indicating that lipocalin 2 is unlikely to have an obligate role in the induction of apoptosis (Berger et al., 2006; Flo et al., 2004) . Similarly, lipocalin 2-deficient mice raised in specific pathogen-free facilities show no defects in reproduction, kidney development or iron metabolism (Flo et al., 2004) , arguing against an obligate role for lipocalin 2 in these biological processes. However, these observations were made with mice that are raised in iron replete conditions, and redundant pathways may mask some of lipocalin 2's biological potential. Additional studies in iron stressed states may provide alternative views and further insight into these putative functions of lipocalin 2.
Clinical applications
Multiple studies have now demonstrated a potential role for measuring serum or urine lipocalin 2 in patients. In the setting of acute renal failure lipocalin 2 is increased early and then normalizes, and is an early marker of injury to renal tubular epithelial cells. The ability to detect lipocalin 2 in the urine may allow detection of kidney injury earlier than traditional markers, such as serum creatinine and blood urea nitrogen. This along with the identification of other markers, such as KIM-1 (Vaidya, Ramirez, Ichimura, Bobadilla, & Bonventre, 2006) , has fueled interest to develop diagnostic markers that detect and characterize kidney injury (Nguyen & Devarajan, 2007) , analogous to the protein and enzyme markers that are currently used to diagnose myocardial infections. However, lipocalin 2 expression is not limited to the kidney. Lipocalin 2 is constitutively expressed in neutrophils and upregulated in the setting of sepsis and inflammation. During sepsis in mice, there is massive upregulation of lipocalin 2 expression in the liver and spleen, suggesting that lipocalin 2 functions as an acute phase protein (Flo et al., 2004) . In addition, lipocalin 2 is expressed in many human tissues and upregulated in some tumors (Friedl, Stoesz, Buckley, & Gould, 1999; Nielsen et al., 1996) . Thus lipocalin 2 may prove to be a useful diagnostic marker, but due to its pleiotropic expression, additional clinical and diagnostic information may be necessary to interpret abnormal lipocalin 2 levels in urine or serum.
The iroA gene cluster as a therapeutic target
The prevalence of the iroA gene cluster in pathogenic Gram-negative bacteria and its role in virulence support its use as a drug target. The evasion of lipocalin 2 appears to be critical for pathogenic bacteria, and especially for establishing systemic infections. Thus targeting this pathway of iron acquisition may render certain bacteria susceptible to lipocalin 2 and other host derived mechanisms that limit iron acquisition during infection. The advantage of targeting the iroA gene cluster lies in its strong association with pathogens. Thus targeting a pathogen-specific virulence factor limits the spectrum of bacteria that are affected by the antibiotic, thereby reducing the incidence of adverse effects associated with the use of broader range antibiotics such as gastrointestinal illnesses and secondary infections (eg Clostridium difficile).
Conclusions
The experimental analysis of lipocalin 2 has lead to an in depth molecular level understanding of host-pathogen interactions. To counteract this host defense mechanism designed to inhibit bacterial iron acquisition, bacteria have acquired enzymatic machinery and transporters that revitalize enterobactin in the form of salmochelins. This same counterattack has been employed in principle by other siderophores produced by Mycobacteria tuberculosis and Bacillus anthracis. The diversity of such mechanism to avoid lipocalin 2 suggests this gene has had strong selective pressure on bacterial pathogens. Targeting these specialized bacterial evasion strategies may provide a mechanism to reinvigorate lipocalin 2 in defense against specific pathogens, without disturbing our normal protective flora. In addition, we do not completely understand the role of lipocalin 2 in infectious, inflammatory and injury processes, and whether lipocalin 2 has physiological functions in iron metabolism in addition to its role in host defense. Understanding the regulation of lipocalin 2 and its function in infection, inflammation and tissue injury deserves further attention. Bacteria synthesize enterobactin siderophores from chorismate using genes encoded by the ent operon. Enterobactin is transported out of the inner membrane via EntS, shuttled through the periplasmic space via an unknown mechanism, and secreted through the outer membrane protein TolC. Enterobactin can be glucosylated by IroB to generate salmochelin. The transport of salmochelin is still under investigation, and the functional role of IroC is disputed. The IroC protein has been implicated as a inner membrane exporter (Baumler et al., 1996) and an inner membrane importer (Zhu, Valdebenito, Winkelmann, & Hantke, 2005) . We have illustrated the former model where salmochelin is exported through the inner membrane protein IroC, and then shuttled across the periplasmic space and secreted through the outer membrane via an unknown mechanism. Both siderophores bind iron and are transported into the cells by their respective transporters (FepA for enterobactin and IroN for salmochelin) in a TonB complexdependent manner. An uncharacterized mechanism (possibly involving IroC) shuttles the salmochelin when bound to iron through the periplasm and across the inner membrane. FepB shuttles enterobactin through the periplasm and the FepD/FepG/FepC complex transports enterobactin across the inner membrane into the cell cytoplasm. Once in the bacterial cell cytoplasm, the siderophores are degraded to release iron. Host cells, such as macrophages, sense the presence of bacteria via their innate immune receptors (Toll-like receptors, TLR, and NOD-like receptors, NLR), and induce the expression and secretion of lipocalin 2 (Lcn2). Neutrophils constitutively express lipocalin 2 in their granules and release their granule contents upon activation. The secreted lipocalin 2 binds enterobactin and efficiently competes with FepA to prevent enterobactin-mediated iron acquisition. Salmochelin does not bind lipocalin 2 and circumvents this host defense mechanism. Other signals, such as ischemic or toxic injury, can induce lipocalin 2 expression via unknown mechanisms, presumably to fortify host defense in this state of increased vulnerability.
